Vortex rings in fragmentation regions in heavy-ion collisions at
  $\sqrt{s_{NN}}=$ 39 GeV by Ivanov, Yu. B. & Soldatov, A. A.
Vortex rings in fragmentation regions in heavy-ion collisions at
√
sNN = 39 GeV
Yu. B. Ivanov1, 2, 3, ∗ and A. A. Soldatov2
1National Research Centre ”Kurchatov Institute”, Moscow 123182, Russia
2National Research Nuclear University ”MEPhI”, Moscow 115409, Russia
3Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna 141980, Russia
Vorticity generated in heavy-ion collisions at energy of
√
sNN = 39 GeV is studied. Simulations
are performed within a model of the three-fluid dynamics. A peculiar structure consisting of two
vortex rings is found: one ring in the target fragmentation region and another one in the projectile
fragmentation region. These rings are also formed in central collisions. The matter rotation is
opposite in this two rings. These vortex rings are already formed at the early stage of the collision
together with primordial fragmentation regions. The average vorticity, responsible for the global
polarization of the observed Λ and Λ¯, is also studied. In the semi-central collisions the average
vorticity in the midrapidity region turns out to be more than an order of magnitude lower than
the total one. The total vorticity is dominated by the contributions of the fragmentation regions
and is produced because of asymmetry of the vortex rings in noncentral collisions. This suggests
that in semi-central collisions the global polarization in the fragmentation regions should be at least
an order of magnitude higher than that observed by the STAR collaboration in the midrapidity.
This polarization should be asymmetrical in the reaction plain and correlate with the corresponding
directed flow.
PACS numbers: 25.75.-q, 25.75.Nq, 24.10.Nz
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I. INTRODUCTION
In peripheral collisions of high-energy heavy ions the
system has a large angular momentum that results in
observable consequences. In particular, it was proposed
that Λ hyperons can be polarized along the angular mo-
mentum of two colliding nuclei [1–3]. Global polarization
of Λ and Λ¯ hyperons produced in heavy-ion collisions
has been recently observed [4] by the STAR experiment
in energy range of the Beam Energy Scan (BES) pro-
gram at the at Relativistic Heavy Ion Collider (RHIC) at
Brookhaven. It was measured in the midrapidity region
of colliding nuclei. It was concluded that the observed
rotational fluid has the largest vorticity, of the order of
∼1022 s−1, that ever existed in the universe. The mea-
sured polarization quantitatively agrees with the hydro-
dynamic [5, 6] and kinetic [7–10] model calculations.
However, important questions still remain: Why does
the global polarization decrease with the collision energy
rise as the total angular momentum increases? Where
is the huge angular momentum mainly accumulated?
These questions were indirectly answered in Refs. [11–
13]. It was found that the vorticity, which is the driving
force of the hadron polarization, is predominantly local-
ized in a relatively thin layer at the boundary between
participants and spectators. This implies that the hy-
peron polarization should be stronger at peripheral ra-
pidities, corresponding to this border than in the midra-
pidity region. This enhancement at peripheral rapidities
was illustrated in Ref. [8] at the example of Au+Au colli-
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sion at
√
sNN = 5 GeV. Although not all models predict
the polarization minimum at the midrapidity [14]. The
polarization enhancement at peripheral rapidities is not a
direct explanation of the reduction of the midrapidity po-
larization with the collision energy rise but indicates that
the hyperon polarization at peripheral rapidities may be
very large as compared with that at the midrapidity in
ultrarelativistic collisions and even higher than that at
the lowest BEC-RHIC energy.
The study of the hyperon polarization at peripheral
rapidities is not just of academic interest. Recent pro-
posal [15] to perform experiments at the Large Hadron
Collider (LHC) at CERN in the fixed-target mode re-
vived interest to the fragmentation regions in relativistic
nucleus-nucleus collisions. The LHC beam of lead ions in-
teracting on a fixed target would provide an opportunity
to carry out precision measurements in the kinematical
range of the target fragmentation region. If the LHC
operates in a fixed-target mode at the beam energy of
2.76 GeV per nucleon for lead nuclei, this is equivalent
to
√
sNN = 72 GeV in terms the center-of-mass energy.
In the present paper we analyze the vorticity in Au+Au
collisions at the energy of
√
sNN = 39 GeV. A special
emphasis is made on the vorticity in the fragmentation
regions. The vorticity is simulated within the model of
the three-fluid dynamics (3FD) [16]. The 3FD model
is quite successful in reproduction of the major part of
bulk observables: the baryon stopping [17, 18], yields of
different hadrons, their rapidity and transverse momen-
tum distributions [19, 20], and also the elliptic [21] and
directed [22] flow excitation functions. In recent paper
[23] it was demonstrated that the 3FD model success-
fully reproduces the extensive set of bulk observables at
midrapidity recently presented by the STAR Collabora-
tion [24]. Therefore, the 3FD predictions for the frag-
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2mentation regions may be of interest.
II. THE 3FD MODEL
The 3FD approximation is a minimal way to simulate
the early-stage nonequilibrium in the colliding nuclei at
high incident energies. In contrast to the conventional
hydrodynamics, a finite stopping power resulting in a
counterstreaming regime of leading baryon-rich matter at
early stage of the nuclear collision is taken into account
in the 3FD description [16]. This nonequilibrium state of
the baryon-rich matter is modeled by two interpenetrat-
ing baryon-rich fluids initially associated with constituent
nucleons of the projectile (p) and target (t) nuclei. At
later stages these baryon-rich fluids may consist of any
type of hadrons and/or partons (quarks and gluons),
rather than only nucleons. Newly produced particles,
which populate the midrapidity region, are associated
with a fireball (f) fluid. Each of these fluids is governed
by conventional hydrodynamic equations coupled by fric-
tion terms in the right-hand sides of the Euler equations.
These friction terms describe energy–momentum loss of
the baryon-rich fluids. A part of this loss is transformed
into thermal excitation of these fluids, while another part
gives rise to particle production into the fireball fluid.
The physical input of the present 3FD calculations is
described in Ref. [17]. The friction between fluids was
fitted for each EoS to reproduce the observed stopping
power, see Ref. [17] for details. The simulations in
[17–22] were performed with different equations of state
(EoS’s)—a purely hadronic EoS [25] and two versions
of the EoS involving the deconfinement transition [26],
i.e. a first-order phase transition and a smooth crossover
one. In the present paper we demonstrate results with
only the first-order-phase-transition (1st-order-tr.) and
crossover EoS’s as the most successful in reproduction
of various observables, in particular, the recent data on
bulk observables at
√
sNN = 39 GeV [23].
In semi-central Au+Au collisions at the energy of√
sNN = 39 GeV the counterstreaming of leading baryon-
rich matter takes place only during short initial stage.
After a short time ≈1 fm/c the p- and t-fluids are ei-
ther spatially separated or mutually stopped and unified,
thus forming a unified single baryon-rich fluid similarly
to that happening in central collisions at this energy [27].
Indeed, the corresponding unification measure
1− np + np
nB
(1)
at t ∼> 1 fm/c is less than 0.01. Here
nB = |JB| = (JµBJBµ)1/2 (2)
is the proper (i.e. in the local rest frame) baryon den-
sity of the unified baryon-rich fluid defined in terms of
the baryon current JµB = npu
µ
p + ntu
µ
t , where nα and
uµα are the proper baryon densities and hydrodynamic
4-velocities of the p- and t-fluids, respectively. This uni-
fication measure is zero, when the p- and t-fluids are
mutually stopped and unified, and has a positive value
increasing with rise of the relative velocity of the p- and
t-fluids.
The f-fluid also is entrained by the the unified baryon-
rich fluid but is not that well unified with the latter. The
local baryon-fireball relative velocity is vfB ∼< 0.2, at t ∼>
1 fm/c, i.e. it is small but not negligible. In particular,
the friction between the baryon-rich and net-baryon-free
fluids is the only source of dissipation at the expansion
stage. Thus, at t ∼> 1 fm/c the system is characterized by
two hydrodynamical velocities, uµB and u
µ
f , attributed to
the baryon-rich and baryon-free fluids, respectively, and
two corresponding temperatures TB and Tf .
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FIG. 1: (Color online) Time evolution of (a) average proper
energy densities of the baryon-rich and baryon-free fluids and
(b) the total angular momentum (conserved quantity), the
angular momentum accumulated in the baryon-rich fluids in
their overlap region and the angular momentum of the fire-
ball fluid in the semi-central (b = 6 fm) Au+Au collision at√
sNN = 39 GeV. Calculations are done with the first-order-
phase-transition and crossover EoS’s.
In Fig. 1 the time evolution of average proper energy
densities of the baryon-rich and baryon-free fluids [panel
(a)] and the total angular momentum, the angular mo-
mentum of the baryon-rich fluids in their overlap region
and the angular momentum of the fireball fluid [panel
(b)] in the semi-central (b = 6 fm) Au+Au collision at√
sNN = 39 GeV are presented. As seen, at t < 4 fm/c
the f-fluid dominates, i.e. its average energy density ex-
ceeds that of the baryon-rich fluid. Whereas at t > 4
fm/c, the situation is reversed – the baryon-rich fluid
3dominates. As seen from Fig. 2 (baryon-density and
energy-density columns), it dominates in fragmentation
regions where the baryon charge is concentrated.
The total angular momentum (that includes a contri-
bution of spectators) is a conserved quantity. It is deter-
mined as
J =
∫
d3x
∑
α=p,t,f
(z Tα10 − x Tα30). (3)
where Tαµν is the energy-momentum tensor of the
α(=p,t,f) fluid that have the conventional hydrodynam-
ical form, z is the beam axis, (x, z) is the reaction plane
of the colliding nuclei. The constancy of the total an-
gular momentum [Fig. 1, panel (b)] demonstrates the
accuracy of the numeric scheme: Jtotal is conserved with
the accuracy of 1%. The overlap region of the baryon-
rich fluids rises in the course of the expansion stage and
includes more and more former spectators. Thus, the an-
gular momentum of the baryon-rich fluid in their overlap
almost accumulates the major part of the total angular
momentum of the system at the final stage of the colli-
sion, cf. Fig. 1, panel (b). The angular momentum of
the newly produced f-fluid is almost two orders of magni-
tude lower than that of the overlapped baryon-rich fluids
at the final stage of the collision.
III. VORTICITY IN THE 3FD MODEL
There are several definitions of the vorticity that are
suitable for calculations of the hadron polarization in dif-
ferent approaches. In the present study we consider the
relativistic kinematic vorticity
ωµν =
1
2
(∂νuµ − ∂µuν), (4)
where uµ is a collective local four-velocity of the mat-
ter. This type of the vorticity is directly relevant to the
hadron polarization due to the chiral vortical effect [28]
that was used in Refs. [7, 8]. Another type of the vortic-
ity is so-called thermal vorticity
$µν =
1
2
(∂ν βˆµ − ∂µβˆν), (5)
where βˆµ = ~βµ and βµ = uν/T with T being the local
temperature. Thus, $ is dimensionless. It is directly
related to the polarization vector of a spin 1/2 particle
in the thermodynamical approach [29] that was used in
Refs. [5, 6, 9, 10].
As it was argued above, at t ∼> 1 fm/c the system is
characterized by two hydrodynamical velocities, uµB and
uµf , and two corresponding temperatures, TB and Tf , cor-
responding to the unified baryon-rich fluid (B) and the
baryon-free fluid (f). Thus we deal with two sets of the
vorticity attributed to to these baryon-rich and baryon-
free fluids, respectively.
In order to suppress contributions of almost empty re-
gions, where the matter is relatively thin, we consider a
proper-energy-density weighted vorticity in the reaction
(xz) plane, i.e. at y = 0, similarly to that done in Ref.
[11]. Moreover, we sum the vorticity of the baryon-rich
and baryon-free fluids with the weights of their energy
densities in order to define a single quantity responsible
for the vortical effects, in particular, the particle polar-
ization. Thus, the proper-energy-density weighted kine-
matic vorticity is defined as
Ωµν(x, 0, z, t) = [ω
B
µν(x, 0, z, t)εB(x, 0, z, t)
+ ωfµν(x, 0, z, t)εf(x, 0, z, t)]/〈ε(y = 0, t)〉, (6)
where εB and εf are the proper energy densities of the
the baryon-rich and baryon-free fluids, respectively. The
total proper energy density of all three fluids in the local
rest frame, ε, is strictly defined as follows
ε = uµT
µνuν . (7)
in terms of the total energy–momentum tensor Tµν ≡
Tµνp + T
µν
t + T
µν
f being the sum of conventional hydro-
dynamical energy–momentum tensors of separate fluids,
and the total collective 4-velocity of the matter
uµ = uνT
µν/(uλT
λνuν). (8)
Note that definition (8) is, in fact, an equation deter-
mining uµ. In general, this uµ does not coincide with 4-
velocities of separate fluids. However, in view of almost
perfect unification of the baryon-rich fluids and small lo-
cal baryon-fireball relative velocities, vfB ∼< 0.2, at t ∼> 1
fm/c, a very good approximation for ε is just
ε ' εB + εf. (9)
The average energy density in the xz plane in Eq. (6) is
〈ε(y, t)〉 =
∫
dx dz ε(x, y, z, t)
/∫
ε(x,y,z,t)>0
dx dz. (10)
Similarly to Ωµν , we define the proper-energy-density
weighted thermal vorticity in the reaction plane, though
keep the same notation ($µν) for it.
The summation of ωBµν and ω
f
µν with the weights of
their energy densities in Eq. (6) requires certain com-
ments. Thus defined kinematic vorticity is very close
to the true kinematic vorticity of the composed mat-
ter when the B- and f-velocities are close to each other.
The latter is indeed the case at t ∼> 1 fm/c. Although,
for the thermal vorticity this is not true. It is impos-
sible to unambiguously define an effective temperature
of the composed matter. Therefore, the energy-density-
weighted sum for the thermal vorticity of a thermally
non-equilibrated system is a certain anzatz giving us a
possibility to analyze a nonequilibrium system in equi-
librium terms. Nevertheless, this anzatz is very close to
the true thermal vorticity in certain cases. As it was men-
tioned above, the f-fluid energy density is lower than that
4of the unified baryon-rich fluid at t > 4 fm/c. Therefore,
at t > 4 fm/c the f-fluid can be considered as small per-
turbation and hence this anzatz for the thermal vorticity
of the composed matter is a good approximation.
The 3FD simulations of Au+Au collisions were per-
formed without freeze-out. The freeze-out in the 3FD
model removes the frozen out matter from the hydrody-
namical evolution [30]. Therefore, in order to keep all the
matter in the consideration the freeze-out was turned off.
Figure 2 presents the time evolution of the proper-
energy-density weighted relativistic kinematic zx vortic-
ity of the composed matter, see Eq. (6), the similarly
weighted thermal zx vorticity, the QGP fraction, and the
proper baryon and energy densities, Eqs. (2) and (7), re-
spectively, in the reaction plain (xηs) of central Au+Au
collision at
√
sNN = 39 GeV, where
ηs =
1
2
ln
(
t+ z
t− z
)
(11)
is the longitudinal space-time rapidity and z is the coor-
dinate along the beam direction. The advantage of this
longitudinal space-time rapidity is that it is equal to the
kinematic longitudinal rapidity defined in terms of the
longitudinal velocity in the self-similar one-dimensional
expansion of the system. As already mentioned, the
baryon-rich fluids are mutually stopped and unified at
t ∼> 1 fm/c. As the f-fluid is not that well unified with
the combined baryon-rich fluid, the evolution of the f-
fluid is separately presented in Fig. 3. The baryon-rich
fluid entrains the f-fluid. This is the reason for the small-
ness of vfB .
Thus, the dissipation in the system is very moderate
at t ∼> 1 fm/c because the system is almost kinetically
equilibrated. This smallness of the dissipation was con-
firmed by the analysis of the entropy production in the
3FD simulations [31]. Therefore, it may seem that an
additional conservation law, i.e. the circulation conser-
vation (Kelvin’s circulation theorem), may be approxi-
mately valid. However, this is not the case. The Kelvin’s
circulation theorem was originally formulated for a so-
called barotropic fluid, i.e. the fluid with the EoS of the
type of P = P (nB), where P is the pressure. In fact,
it is not important that P depends on nB , it is impor-
tant that P depends on a single variable (it can also be
the energy density ε). In our case we have essentially
P = P (nB , ε) because the system is essentially baryon-
rich, as seen from Fig. 2. Therefore, the circulation is
not conserved.
All major features of the collision dynamics are similar
to those described in Ref. [27] for the central collision at
the same energy. As seen from Fig. 2, at t = 1 fm/c the
thermalized central (see the central bumps in nB and ε)
and primordial fragmentation regions, i.e. the baryon-
rich matter passed through the interaction region (see
two bumps of baryon density near ηs = ± 1), have al-
ready been formed. The matter in all these regions is in
the quark-gluon phase, see the QGP fraction in Fig. 2.
There is a large fraction of the baryon charge stopped
in the central region. This is in contrast to the ultra-
relativistic scenario (at the top RHIC and LHC energies)
where the major part of the baryon charge is assumed
to be located in the fragmentation regions already at the
initial stage. The proper baryon and energy densities in
this central region approximately are nB/n0 ≈ 10 and
ε ≈ 10 GeV/fm3, respectively. The proper baryon den-
sity is similar to that attained in the central collision [27]
while the energy one is considerably lower. The f-fluid
dominates in this central energy density, as seen from
Fig. 1.
In the course of time, the central region undergoes a
rapid, practically self-similar one-dimensional (1D) ex-
pansion. In fact, the thermalized central region is pro-
duced in the state of this expansion. The matter, and
in particular the baryon charge, is pushed out to the
periphery of this central fireball, i.e. closer to the pri-
mordial fragmentation regions. The primordial fragmen-
tation fireballs also expand in counter directions to the
central one. The primordial fragmentation fireballs join
with central contributions to the instant t = 4 fm/c be-
cause of their counter expansion, see Fig. 2. Therefore,
the final fragmentation regions consist of primordial frag-
mentation fireballs and baryon-rich regions of the central
fireball pushed out to peripheral rapidities. However,
complete mixing of these central and primordial fragmen-
tation fireballs does not occur, as seen from Fig. 3.
At later time t ≥ 8 fm/c, see Figs. 2 and 3, the central
part of the system gets frozen out while the fragmenta-
tion regions continue to evolve being already separated
in the configuration space. This longer evolution of the
fragmentation regions is due to the relativistic time di-
lation caused by their high-speed motion with respect to
the central region. Therefore, their evolution time in the
c.m. frame of colliding nuclei lasts ≈ 30 fm/c in the first-
order-transition scenario and ≈ 25 fm/c in the crossover
one.
From the very beginning the vortical fields, both the
kinematic and thermal ones, are predominately formed at
the periphery of the system, i.e. at the border between
the participant and spectator matter, see Fig. 2. This
means that the vorticity is initially located at peripheral
rapidities rather than at midrapidity. Later on, the vorti-
cal fields partially spread to the participant and spectator
bulk though remain concentrated near the border. In the
conventional hydrodynamics this extension into the bulk
is an effect of the shear viscosity. In the 3FD dynamics
it is driven by the 3FD dissipation which imitates the ef-
fect of the shear viscosity [31]. The spread into the bulk,
i.e. into the midrapidity region, is stronger at lower col-
lision energies [11] because of the higher effective shear
viscosity than that at higher energies [31]. This explains
the drop of the vorticity value and consequently the ob-
served hyperon polarization at the midrapidity with the
collision energy rise.
At later times the maximum values in the vortical fields
get more and more shifted to the fragmentation regions
because of the 1D expansion of the system. At the same
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FIG. 2: (Color online) Columns from left to right: The proper-energy-density weighted relativistic kinematic zx vorticity, Eq.
(6), the similarly weighted thermal zx vorticity, the QGP fraction, the proper baryon density (nB) [see Eq. (2)] in units of the
the normal nuclear density (n0 = 0.15 1/fm
3), and the proper energy density (ε), see Eq. (7), in the reaction plane at various
time instants in the semi-central (b = 6 fm) Au+Au collision at
√
sNN = 39 GeV. ηs is the space-time rapidity along the beam
direction, see Eq. (11). Calculations are done with the first-order-phase-transition EoS. z axis is the beam direction. The bold
solid contour displays the border of the frozen out matter. Inside this contour the matter still hydrodynamically evolves, while
outside – it is frozen out.
time, the vorticity in the participant bulk gradually dis-
solves and practically disappears in the center of the col-
liding system. This longer evolution of the fragmentation
regions is a result of the above mentioned relativistic time
dilation caused by their high-speed motion with respect
to the central region.
It is peculiarly that four strong oppositely directed vor-
tices are formed at the periphery of the fragmentation
regions, see Fig. 2. These strong oppositely directed
vortices pedominantely consist of the baryon-rich matter
because the f-fluid lags behind the primordial fragmenta-
tion matter, see Fig. 3. Over time, these vortices capture
ever larger areas. The vortex at the border with the spec-
tator matter is an order of magnitude stronger than its
counterpart. This is the structure as it is seen in the
reaction plane.
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FIG. 3: (Color online) The proper energy density of the f-fluid
in the reaction plane at various time instants in the semi-
central (b = 6 fm) Au+Au collision at
√
sNN = 39 GeV. ηs
is the space-time rapidity along the beam direction. Calcula-
tions are done with the first-order-phase-transition EoS. z axis
is the beam direction. The bold contours display the borders
between the frozen-out and still hydrodynamically evolving
matter.
Projectile
Target vortex ring
FIG. 4: (Color online) Schematic picture of the vortex ring
in the target fragmentation region. Curled arrows indicate
direction of the circulation of the target matter.
In fact, in three dimensions these are two vortex rings:
one in the target fragmentation region and another in
the projectile one. The matter rotation is opposite in
this two rings. They are formed because the matter in
the vicinity of the beam axis (z) is stronger decelerated
because of thicker matter in the center than that at the
periphery. Indeed, these rings are formed at the trans-
verse periphery of the stopped matter in the central re-
gion, see the central bumps in nB and ε at t = 1 fm/c in
Fig. 2. Thus, the peripheral matter acquires a rotational
motion. A schematic picture of the vortex ring in the
target fragmentation region is presented in Fig. 4.
A similar effect was noticed in the analysis of the vor-
ticity field [11–13] at energies of the Nuclotron-based Ion
Collider fAcility (NICA) at the Joint Institute for Nu-
clear Research (JINR) in Dubna. The authors of Refs.
[12, 13] called this specific toroidal structure as a femto-
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FIG. 5: (Color online) The same as in Fig. 2 but for the
central (b = 2 fm) Au+Au collision at
√
sNN = 39 GeV and
without three right columns.
vortex sheet. This femto-vortex sheet is not a ring be-
cause the vorticity disappears in the xy plane, i.e. in the
plane orthogonal to the reaction xz plane. At
√
sNN =
39 GeV this femto-vortex sheet splits into two real rings,
in which the vorticity does not disappear in the xy plane
though is anisotropic in the x direction in noncentral col-
lisions.
7These rings are also formed in central collisions, as seen
from Fig. 5. In the case of b = 2 fm the distribution of
the vorticity along the rings is more homogeneous than
that at b = 6 fm, but still the vorticity reaches high val-
ues. As seen from Fig. 5, the vortex rings are already
formed at t = 1 fm/c with the vorticity predominantly
concentrated at the periphery of the fragmentation zone.
In the course of time the vorticity spreads into the bulk
of the fragmentation regions. In fact, the schematic pic-
ture of the completely symmetric vortex ring, see Fig. 4,
corresponds to the exactly central collision at b = 0.
Au+Au at b = 6 fm, √sNN = 39 GeV, 1st-order-tr. EoS
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10-1
·W
zx
Ò  [c
/fm
] all fluids
fireball fluid
0 4 8 12 16
t [fm/c]
10-3
10-2
10-1
100
·v
zx
Ò
all fluids (T>100 MeV)
fireball fluid
all fluids in central box
all fluids in central box
(a)
(b)
FIG. 6: (Color online) Time evolution of the proper-energy-
weighted (a) relativistic kinematic zx vorticity and (b) ther-
mal zx vorticity in the semi-central (b = 6 fm) Au+Au col-
lision at
√
sNN = 39 GeV. The vorticity of the composed
matter, Eq. (12), and that of the f-fluid are averaged over the
whole system. The thermal vorticity of the composed matter,
Eq. (13), is averaged only over regions with high temperature,
T > 100 MeV. The vorticities in the central box are averaged
accordingly to Eqs. (12) and (13) but only over the central
region |x| < R− b/2, |y| < R− b/2 and |x| < R/γcm, where R
is the radius of the Au nucleus and γcm is the Lorentz factor
associated with the initial nuclear motion in the c.m. frame
Calculations are done with the first-order-transition EoS.
In order to perform a more quantitative comparison
of the vorticity in the midrapidity and fragmentation re-
gions we calculated (kinematic and thermal) zx vorticity
of the composed matter [in the sense of the anzatz of Eq.
(6)] in the semi-central (b = 6 fm) Au+Au collision at√
sNN = 39 GeV averaged with the weight of the proper
energy density over the whole system
〈Ωµν(t)〉 =
∫
dV [ωBµν(x, t) εB(x, t)
Au+Au at b = 6 fm, √sNN = 39 GeV, crossover EoS
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FIG. 7: (Color online) The same as in Fig. 6 but for the
crossover EoS.
+ ωfµν(x, t) εf(x, t)]
/
〈ε(t)〉 (12)
〈$µν(t)〉T>T0 =
∫
T>T0
dV [$µν(x, t)B εB(x, t)
+ $fµν(x, t) εf(x, t)]
/
〈ε(t)〉T>T0 (13)
where T0 = 100 MeV is the temperature constraint. This
temperature constraint is introduced because the temper-
ature gradients and hence the thermal vorticity are very
high at the the spectator-participant border, where the
temperature itself is not that high. At the same time, the
Λ hyperons are abundantly produced from the hottest re-
gions of the system. Therefore, we applied this tempera-
ture constraint on this averaging, keeping in mind appli-
cation the Λ polarization. The average kinematic vortic-
ity is not that strongly affected by the low-temperature
contributions of the border regions [11]. This is why this
constraint is omitted in the case of the kinematic vortic-
ity.
The above average values of the vorticity are domi-
nated by that in the fragmentation regions. Therefore,
we use them as an estimates of the vorticity in the frag-
mentation regions, keeping in mind that the true vor-
ticity in the fragmentation regions is even higher. To
estimate the vorticity in the midrapidity region we per-
form averaging over only the center region of the system
|x| < R−b/2, |y| < R−b/2 and |x| < R/γcm, where R is
the radius of the Au nucleus and γcm is the Lorentz fac-
tor associated with the initial nuclear motion in the c.m.
frame. In fact, this center region is a central layer because
8it covers the whole participant region in the transverse
direction.
Time evolution of the average relativistic kinematic
and thermal zx vorticities calculated in the above de-
scribed way is displayed in Figs. 6 and 7 for the two
considered EoS’s. The kinematic and thermal vorticities
manifest very similar behavior. The vorticity of the f-
fluid averaged with the εf weight over the whole system
is separately presented. The f-fluid vorticity is more than
an order of magnitude lower than that of the baryon-rich
fluid, as it is expected from the negligible fraction of the
total angular momentum accumulated in the f-fluid, see
Fig. 1. The contribution of the f-fluid only slightly re-
duces the vorticity of the composed matter as compared
with the baryon-rich vorticity at t > 4 fm/c, when the
energy density of the f-fluid becomes small compared to
the that of the baryon-rich fluid, see Fig. 1.
The average vorticity in the central region rapidly
drops with time. At the early stage the average vor-
ticity in the central region practically coincides with the
total one since this central region includes practically the
whole system because of the Lorentz contraction of col-
liding nuclei. Already at t > 2 fm/c, the central vorticity
is more than an order of magnitude lower than the total
one. It means the vorticity moves to the fragmentation
regions.
The vorticity is redistributed in the process of the colli-
sion: the vorticity of the f-fluid drops, the vorticity moves
from the central region to the fragmentation ones. Nev-
ertheless, the average vorticity of the matter remains ap-
proximately constant in the process of the collision. The
average thermal vorticity even slightly rises with time.
It is worthwhile to mention that the average vorticity
displayed in Figs. 6 and 7 does not coincide with that of
the frozen-out system. The freeze-out in the 3FD model
is a continuous in time process [16, 30], as it is illustrated
in Figs. 2 and 3. The actual vorticity of the frozen-out
matter can be judged from the values of the vorticity field
on the freeze-out contour in Figs. 2 and 3. As seen from
Figs. 2 and 3, average values presented in Figs. 6 and 7
can be considered as order-of-magnitude estimates of the
vorticity averaged over the frozen-out system at a fixed
time instant.
IV. CONSEQUENCES FOR POLARIZATION
The above features of the vorticity imply certain con-
sequences for the observable hyperon polarization. The
vorticity cannot be presented as a function of the lon-
gitudinal rapidity because it is not an observable quan-
tity. However, in the self-similar one-dimensional expan-
sion of the system the longitudinal space-time rapidity
(11) equals the kinematic longitudinal rapidity defined
in terms of the longitudinal velocity. Thus, Fig. 2 gives
an impression of the rapidity distribution of the vorticity
and thereby the polarization. First of all, this distri-
bution suggests that in semi-central collisions the polar-
ization in the fragmentation regions should be at least
an order of magnitude higher than that observed by the
STAR collaboration [4] in the midrapidity.
The global polarization results from asymmetry of the
vortex rings which also asymmetrically expand in the
transverse direction. The asymmetrical expansion re-
sults in directed flow of emitted particles. Hence, the
global polarization in the fragmentation regions should
be asymmetrical in the reaction plain with the Λ and Λ¯
polarizations correlating with the corresponding directed
flow.
In view of the strong global and even stronger local
polarization expected in the fragmentation regions one
comment is in order. The experimental observation of the
global polarization [4] indicates that a strong spin-orbital
coupling of some kind is present in the system. This cou-
pling transfers the initially collective angular momentum
into that accumulated in aligned spins of constituents
of the system. If this part accumulated in the aligned
spins is large, it should affect the collective dynamics of
the system because the collective angular momentum is
respectively reduced. This means the need to incorpo-
rate the medium polarization into the collective dynam-
ics, e.g. the hydrodynamics [32, 33]. The present 3FD
simulations were performed without such feedback.
V. SUMMARY
Within the 3FD model we have studied vorticity evo-
lution in Au+Au collisions at
√
sNN = 39 GeV. We con-
sidered two definitions of the vorticity—relativistic kine-
matic and thermal vorticities—that are relevant in dif-
ferent approaches to the hyperon polarization. As found,
the kinematic and thermal vorticities manifest very sim-
ilar behavior. Moreover, this behavior is very similar
within the first-order-transition and crossover scenarios.
The vortical fields, both the kinematic and thermal
ones, are predominately formed at the periphery of the
system, i.e. at the border between the participant and
spectator matter. This means that the vorticity is ini-
tially located at peripheral rapidities rather than at
midrapidity. Later on, the vortical fields partially spread
to the participant and spectator bulk though remain con-
centrated near the border.
A peculiar structure of two vortex rings is formed: one
in the target fragmentation region and another in the
projectile one. The matter rotation is opposite in this two
rings. They are formed because the matter in the vicinity
of the beam axis is stronger decelerated than that at the
periphery because of thicker matter in the center. Thus,
the peripheral matter acquires a rotational motion, which
is inhomogeneous along the rings in noncentral collisions.
These rings are also formed in central collisions. In
this case the distribution of the vorticity is more homo-
geneous than that in semi-central collisions, but still the
vorticity reaches high values. These vortex rings are al-
ready formed at the early stage of the collision (t = 1
9fm/c). The schematic picture of the completely symmet-
ric vortex ring in presented in Fig. 4, corresponding to
the exactly central collision.
The average vorticity is responsible for the global po-
larization of the observed Λ and Λ¯ polarizations. In the
semi-central collisions the average vorticity in the cen-
tral region at t > 2 fm/c, when the central region can be
associated with the midrapidity region, the central vor-
ticity is more than an order of magnitude lower than the
total one. The total vorticity is dominated contributions
of the fragmentation regions and is produced because of
the asymmetry of the above mentioned vortex rings.
The above features of the vorticity imply certain conse-
quences for the observable hyperon polarization. First of
all, they suggest that in semi-central collisions the global
polarization in the fragmentation regions should be at
least an order of magnitude higher than that observed by
the STAR collaboration [4] in the midrapidity. This po-
larization should be asymmetrical in the reaction plain:
the Λ and Λ¯ polarizations should correlate with the cor-
responding directed flow.
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